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Skin disordersMolecular-targeted therapies with tyrosine kinase inhibitors (TKIs) have provided a major breakthrough in can-
cer treatment. These agents are given orally and demonstrated to be substrates for drug transporters. In clinical
settings, TKIs are mainly used at a ﬁxed dose, but wide interpatient variability has been observed in their phar-
macokinetics and/or pharmacodynamics. Genetic polymorphisms of ABC transporters, drug-drug interaction
and adherence are among the factors causing such variation. To overcome these problems, therapeutic drug
monitoring has been applied in clinical practice for patient care. Skin disorders are frequently observed as adverse
drug reactions when using TKIs, and are commonly managed by symptomatic therapy based on clinical experi-
ence. Recent studies have provided some insights into the molecular mechanisms underlying skin disorders in-
duced by TKIs. This review article summarizes the accumulated clinical and basic pharmacological evidence of
TKIs, focusing on erlotinib, sorafenib and sunitinib.
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Recent progress in the development of molecular-targeted agents
has expanded the treatment options for patients with various carcino-
mas, such as lung cancer (Bezjak et al., 2006; Shepherd et al., 2005),
renal cell carcinoma (Motzer et al., 2007) and hepatocellular carcinoma
(Cheng et al., 2009; Llovet et al., 2008). Molecular-targeted therapies
with tyrosine kinase inhibitors (TKIs) are designed to disrupt signaling
pathways responsible for the abnormal proliferation of cancer cells,
and most TKIs are administered orally. In general, drug efﬁcacy and
safety are determined by the interplay of multiple processes that regu-
late pharmacokinetics (e.g., absorption, distribution, metabolism and
excretion) and pharmacodynamics (e.g., drug action). For orallythe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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intestinal absorption and distribution before elimination via metabolic
and excretory pathways (Klümpen et al., 2011). Although drug-
metabolizing enzymes have been believed to be key determinants of
pharmacokinetics, the membrane transport processes mediated by
drug transporters are also recognized as important to pharmacokinetic
properties.
In clinical practice, oncologists expend substantial effort to treat
patients by optimally selecting and dosing TKIs, in order to increase
the efﬁcacy and to reduce adverse drug reactions (ADRs). To obtain
optimal drug efﬁcacy, pharmacodynamic variations such as gene
mutations and the expression levels of certain target molecules
[e.g. epidermal growth factor receptor (EGFR) and human epidermal
growth factor receptor 2] have been tested in the practice. To correct
for pharmacokinetic variation, traditional cytotoxic chemotherapeu-
tic agents are administered according to the patient’s body surface
area, even though this approach does not substantially reduce
interpatient variability of chemotherapy cytotoxicity (Baker et al.,
2002). On the other hand, TKIs are orally given on a daily basis
(with or without a drug holiday) at ﬁxed doses, and such ﬁxed dos-
ing may cause much larger variation between individuals in terms
of clinical efﬁcacy and toxicity (Gao et al., 2012). It has been widely
recognized that renal and/or hepatic functions, genetic background,
adherence to treatment and nongenetic factors (drug-drug interac-
tions and drug-food interactions) can cause pharmacokinetic varia-
tion of TKIs by changing drug exposure (Klümpen et al., 2011).
Among these factors, genetic polymorphism of breast cancer resis-
tance protein (BCRP/ABCG2) has been reported to have a major im-
pact on the drug exposure of many TKIs (Fukudo et al., 2013;
Mizuno et al., 2010, 2012, 2014).
Under these circumstances, various efforts to achieve optimal dosing
have been attempted, including dose individualization of TKIs, such as
phenotype-guided dosing, genotype-guided dosing, toxicity-adjusted
dosing and therapeutic drug monitoring (TDM) (Klümpen et al.,
2011). Considering applications in clinical practice, TDM is a very prom-
ising strategy and recent evidence indicates that certain pharmacoki-
netic parameters, including trough levels, are correlated with clinical
outcomes for many TKIs, such as imatinib, erlotinib, sorafenib and suni-
tinib (Gao et al., 2012; Yu et al., 2014). Furthermore, the molecular
mechanisms of adverse reactions of TKIs have been partly elucidated
by basic and in silico pharmacology.
It is likely that the pharmacotherapy of TKIs is evolving year by year
to resolve the clinical problems in daily practice, by adopting recent
basic and clinical pharmacological evidence. This article is focused on
reviewing such evidence, concentrating on three kinds of TKI: erlotinib,
sorafenib and sunitinib. These drugs have been used as the ﬁrst-line
therapy to treat patientswith non-small cell lung cancer (NSCLC), hepa-
tocellular carcinoma (HCC), differentiated thyroid cancer ,and renal cell
carcinoma (RCC), and extensive information including on drug trans-
porters affecting their pharmacokinetic variation and the molecular
mechanisms of their skin disorders has recently been accumulated.
2. Effect of drug-metabolizing enzymes and transporters
Most TKIs are oral drugs given daily as a single agent at a ﬁxed dose.
Oral administration should be processed by intestinal absorption,
namely, intestinal inﬂux and efﬂux steps, which could be mediated by
drug transporters. Although it is not necessary to take this process
into consideration for classical injectable anticancer agents, the intesti-
nal absorption process should cause large pharmacokinetic variability,
probably due to fat content within food, coadministration with gastric
acid-reducing drugs and the functional ability of intestinal drug trans-
porters that have recently been identiﬁed. In this section, ﬁrst, we sum-
marize the pharmacokinetic factors that regulate the drug disposition of
erlotinib, sorafenib and sunitinib, with an intensive focus on intestinal
efﬂux drug transporters (Table 1).2.1. Erlotinib
Erlotinib is metabolized in the liver, mainly by cytochrome P450
(CYP) 3A4/3A5 and, to a lesser extent, by CYP1A1/1A2, to produce
the active metabolite OSI-420 (desmethyl erlotinib, M14), followed
by the formation of many other metabolites, including oxidative me-
tabolites (Li et al., 2007a; Ling et al., 2006). Erlotinib and OSI-420 are
considered to be equipotent in inhibiting EGFR tyrosine kinase
activity.
In vitro transport studies have demonstrated that erlotinib is a
substrate for P-glycoprotein (P-gp/ABCB1) and breast cancer resis-
tance protein (BCRP/ABCG2), but not for multidrug resistance-
associated protein 2 (MRP2/ABCC2) (Elmeliegy et al., 2011;
Marchetti et al., 2008). ATP binding cassette membrane transporters,
including ABCB1 and ABCG2, are expressed in normal tissues includ-
ing the small intestine, liver, kidney and blood–brain barrier (BBB)
(Glavinas et al., 2004), and are responsible for regulating the oral ab-
sorption, biliary and urinary secretion, and penetration of BBB for
several anticancer drugs including TKIs (Agarwal et al., 2010;
Kodaira et al., 2010; Kunimatsu et al., 2013; Lagas et al., 2010;
Mizuno et al., 2012; Oostendorp et al., 2009; Polli et al., 2009). Fur-
thermore, the pharmacokinetic roles of ABCB1 and ABCG2 were
also assessed using gene-disrupted mice, namely, Abcg2−/−,
Abcb1a/1b−/− and Abcg2−/−/Abcb1a/1b−/− (triple-knockout) mice.
When erlotinib was given orally to Abcg2−/−/Abcb1a/1b−/− mice, it
was found that its area under the curve (AUC) was about 50% higher
in the triple-knockout mice than in wild-type ones (Marchetti et al.,
2008). These ﬁndings suggest that ABCB1 and ABCG2 play pivotal
roles in restricting the intestinal absorption of erlotinib. Further evi-
dence of these transporters’ contribution was obtained by
pharmacogenomic analyses, which are introduced in Sections 3.1
and 3.2. A recent study has also indicated that erlotinib and OSI-
420 are substrates for the uptake transporters organic anion trans-
porter 3 (OAT3/SLC22A5) and organic cation transporter 2 (OCT2/
SLC22A2), but their pharmacokinetics and clinical implications
have not been fully elucidated (Elmeliegy et al., 2011).2.2. Sorafenib
Sorafenib is primarily metabolized in the liver, by CYP3A4-mediated
oxidation and uridine diphosphate glucuronosyltransferase (UGT)
1A9-mediated glucuronidation. Sorafenib N-oxide (M-2), the major
active CYP3A4 metabolite, has been reported to represent approxi-
mately 10% of the circulating sorafenib concentration in plasma
(Clark et al., 2005).
In vitro transport studies have demonstrated that sorafenib was
moderately transported by ABCB1 and more efﬁciently by ABCG2
(Gnoth et al., 2010; Hu et al., 2009; Lagas et al., 2010; Tang et al.,
2013). When sorafenib was orally administered to Abcg2−/−, Abcb1a/
1b−/− and Abcg2−/−/Abcb1a/1b−/−mice, the systemic exposure upon
oral administration did not differ among all strains. However, brain ac-
cumulation was 4.3-fold increased in Abcg2−/− mice and 9.3-fold in-
creased in Abcg2−/−/Abcb1a/1b−/− mice (Lagas et al., 2010). This
suggests that intestinal ABCB1 and ABCG2 do not play a major role in
the oral bioavailability of sorafenib, but are responsible for its brain
accumulation.
To understand the hepatic disposition of sorafenib, because this
drug is used for HCC, in vitro and in vivo transport studies were car-
ried out. As a result, organic cation transporter 1 (OCT1, SLC22A1)
and organic anion transporting polypeptides OATP1B1 (SLCO1B1)
and OATP1B3 (SLCO1B3) were shown to be responsible for the sinu-
soidal membrane transport of sorafenib (Herraez et al., 2013; Swift
et al., 2013; Zimmerman et al., 2013). Clinical pharmacogenomic
studies have also demonstrated that hepatic OCT1 may be responsi-
ble for the efﬁcacy of sorafenib for HCC (see Section 3.2).
Table 1
ABC drug transporters involved in the pharmacokinetics of erlotinib, sorafenib and sunitinib.
Drug Transporter Transport-disrupted animal model Orally systemic exposed AUC
compared with wild type
Brain accumulation compared
with wild type
Reference
Erlotinib ABCB1 Abcb1a/1b−/− − 295% Kodaira et al., 2010
ABCG2 Abcg2−/− − 129% Marchetti et al., 2008
Triple-knockout (Abcg2−/−/Abcb1a/b−/−) 150% 852% Marchetti et al., 2008
Sorafenib ABCB1 Abcb1a/1b−/− No difference No difference Lagas et al., 2010
ABCG2 Abcg2−/− No difference 430% Lagas et al., 2010
Triple-knockout (Abcg2−/−/Abcb1a/b−/−) No difference 930% Lagas et al., 2010
Sunitinib ABCB1 Abcb1a/1b−/− 376% 160% Mizuno et al., 2012
ABCG2 Abcg2−/− 297% 580% Mizuno et al., 2012
Triple-knockout (Abcg2−/−/Abcb1a/b−/−) 267% 2400% Mizuno et al., 2012
ABCB1: P-glycoprotein (P-gp) ABCG2: breast cancer resistance protein (BCRP).
AUC: area under the curve.
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Sunitinib is primarily metabolized by CYP3A4 to the equally active
SU12662. SU12662 is further metabolized to inactive moieties by
CYP3A4 (Adams and Leggas, 2007).
In vitro transport studies have demonstrated that sunitinib is a sub-
strate for ABCB1 and ABCG2 (Hu et al., 2009; Mizuno et al., 2010). The
pharmacokinetic role of ABCG2 and ABCB1 was also shown using
Abcg2−/−, Abcb1a/1b−/− and Abcg2−/−/Abcb1a/1b−/− mice (Mizuno
et al., 2012; Tang et al., 2012, 2013). For example, we demonstrated
that the maximum concentration and AUC0–4 of sunitinib were signiﬁ-
cantly higher in Abcg2−/−, Abcb1a/1b−/− and Abcg2−/−/Abcb1a/1b−/−
mice than inwild-type oneswhen sunitinibwas given orally, but not in-
traperitoneally (Mizuno et al., 2012). The systemic exposure of sunitinib
was higher in Abcb1a/1b−/−mice than in wild-type mice when suniti-
nib was given orally, although a clinical pharmacogenomic study sug-
gested that the ABCB1 1236TT-2677TT-3435TT haplotype was not
associated with systemic exposure to sunitinib (Mizuno et al., 2012).
This study also reported thatABCG2 c.421C N Apolymorphismwas asso-
ciatedwith increased sunitinib exposure in RCCpatients. Furthermore, a
population pharmacokinetic analysis demonstrated that ABCG2
421C N A is a predictive covariate for the oral clearance of sunitinib
(Mizuno et al., 2014).3. Factors causing pharmacokinetic variation
3.1. Genetic polymorphisms of ABCG2 c.421C N A
In 2013, the International Transporter Consortium selected and
commented on two clinically important transporter polymorphisms
for drug development: OATP1B1 (SLCO1B1 c.521 T N C) and BCRP
(ABCG2 c.421C N A) (Giacomini et al., 2013). As described in
Section 2, ABCG2 is an efﬂux transporter, which consists of 655
amino acids and is involved in the cellular efﬂux of various drugs includ-
ing TKIs. A nonsynonymous SNP, c.421C N A (p.Q141K), localized in the
ATP-binding domain, is associated with impaired activity in vitro
(Furukawa et al., 2009). Early pharmacogenetic studies regarding
ABCG2 polymorphisms demonstrated that ABCG2 c.421C N A is linked
to the increased plasma exposure of several drugs, such as diﬂomotecan
(Sparreboom et al., 2004), rosuvastatin (Zhang et al., 2006) and
sulfasalazine (Yamasaki et al., 2008).With regard to TKIs, it has been re-
ported that the heterozygous variant of ABCG2 c.421C N Awas associat-
ed with higher exposure and toxicity of geﬁtinib (Li et al., 2007b) and
erlotinib (Thomas et al., 2009).
We previously experienced an RCC patient with many severe ad-
verse events, such as facial acne, hypothyroidism and thrombocytope-
nia, early after the start of sunitinib therapy (Mizuno et al., 2010).
Pharmacokinetic analyses revealed that this patient had been exposed
to 2.5-fold-higher sunitinib compared with another 4 patients, and
that the genotype of the ABCG2 c.421C N A polymorphism in this patientwas a homozygous variant, whereas the other patients were heterozy-
gous or wild type. These relationships were also conﬁrmed in more
Japanese (Mizuno et al., 2012) and Korean metastatic RCC patients
(Kim et al., 2013). Furthermore, a population pharmacokinetic analysis
also demonstrated that the ABCG2 c.421C N A genotype is a predictive
covariate for the oral clearance of sunitinib (Mizuno et al., 2014).
These pharmacogenomic studies, together with in vitro and in vivo suni-
tinib transport studies, revealed that sunitinib is a substrate of ABCG2
and loss of its function due to ABCG2 c.421C N A can lead to an increase
in systemic exposure to sunitinib (Fig. 1).
Sunitinib-related toxicitywasmore frequently observed in Asian pa-
tients than in non-Asian ones (Gore et al., 2009; Hong et al., 2009;
Motzer et al., 2007; Uemura et al., 2010; Yoo et al., 2010). In contrast
to Asian patients, the impacts of the ABCG2 c.421C N A genotype on su-
nitinib efﬁcacy and toxicity were not identiﬁed in European patients
(Diekstra et al., 2014; Garcia-Donas et al., 2011; van der Veldt et al.,
2011; van Erp et al., 2009). Interestingly, ABCG2 c.421C N A appears to
be more common in Asians (allele frequency, 26.6-35.0%); on the
other hand, this allele is very rare in sub-Saharan African (1.0%) and
Caucasian populations (7.4-11.1%) (Giacomini et al., 2013). These re-
sults suggest that ABCG2 c.421C N A is one of the reasons for the ethnic
difference in sunitinib pharmacokinetics and toxicity.
As erlotinib is a substrate for ABCG2, we further investigated
whether ABCG2 c.421C N A can inﬂuence the clearance of erlotinib
in NSCLC patients. As expected, ABCG2 c.421C N A polymorphism
was demonstrated to be a signiﬁcant determinant of interindividual
variability in the apparent clearance of erlotinib (Fukudo et al.,
2013). Another pharmacogenetic analysis in Japanese NSCLC cases
showed that high exposure to erlotinib related to ABCG2 c.421C N A
predisposed patients to drug-induced severe interstitial lung disease
(Fujita et al., 2014). Similarly to the case for sunitinib, the ABCG2
c.421C N A genotype appeared not to be a signiﬁcant determinant
of erlotinib pharmacokinetics in non-Asian patients (Rudin et al.,
2008; White-Koning et al., 2011).
3.2. Other genetic polymorphisms besides ABCG2 c.421C N A
Erlotinib has been reported to be a substrate for ABCB1, as well as
ABCG2 (Marchetti et al., 2008). The ABCB1 TTT haplotype (1236 T,
2677 T and 3435 T)was previously shown to be associatedwith low ex-
pression of ABCB1 (Kimchi-Sarfaty et al., 2007). A clinical study demon-
strated that the trough concentration of erlotinib at a steady state in
NSCLC patients with the ABCB1 1236TT-2677TT-3435TT genotype was
higher than in other groups, and that patients carrying this genotype
had a higher risk of developing grade ≥2 toxicity (Hamada et al., 2012).
In a pharmacogenomic study of sorafenib, it was demonstrated that
UGT1A9 2152 C N T polymorphism was independently associated with
grade ≥2 diarrhea induced by sorafenib (Boudou-Rouquette et al.,
2012a). Recently, OCT1 has been reported to be involved in sorafenib
uptake by hepatocytes (Swift et al., 2013). Furthermore, in vitro study
indicated that two OCT1 variants, SLC22A1 c.181C N T and SLC22A1
Fig. 1. Relationship between intestinal absorption of sunitinib and ABCG2 c.421C N A. On the basis of in vitro, in vivo and clinical studies as well as the biochemical properties of ABCG2
c.421C N A (p.Q141K), ABCG2 could function as a barrier to the intestinal absorption of sunitinib.
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reach an active intracellular concentration in HCC and cholangiocarci-
noma (CGC) (Herraez et al., 2013). These results suggest that an aber-
rant OCT1 variantmay affect the responses of HCC and CGC to sorafenib.
A pharmacogenomic study of sunitinib has suggested that polymor-
phism in CYP3A5*1 is associated with a need for dose reduction due to
severe toxicities, and is a predictive factor for prolonged progression-
free survival time (PFS) in patients with RCC (Garcia-Donas et al., 2011).
3.3. Factors identiﬁed by population pharmacokinetic analyses
Large interindividual variability in TKI exposure has been observed
(Faivre et al., 2006; Gao et al., 2012; Minami et al., 2008). The pheno-
types of the pharmacokinetics of TKIs are multifactorial, and several
studies have reported that genetics, drug-drug interactions, poor
adherance and environment could have an impact on the pharmaco-
kinetics of TKIs, including erlotinib, sorafenib and sunitinib. A popu-
lation pharmacokinetic approach has been widely used to develop a
model to describe the pharmacokinetics of drugs and identiﬁed po-
tential covariates responsible for pharmacokinetic variability in the
target patient population. In this section, we introduce the results
of population pharmacokinetic analysis of TKIs, especially erlotinib,
sorafenib and sunitinib.
A population pharmacokinetic analysis of erlotinib in 42 patients
with head and neck squamous cell carcinoma indicated that the covar-
iates retained to predict erlotinib clearancewere alanine aminotransfer-
ase, age and ABCG2 c.421C N A (Thomas et al., 2009). In patients with
lung cancer, the ABCG2 c.421C N A polymorphismwas found to be asso-
ciated with low apparent oral clearance of erlotinib by a population
pharmacokinetic approach (Fukudo et al., 2013).
A recent population pharmacokinetic study of sorafenib in 111 pa-
tients reported the lack of any effect of genotype with respect to
CYP3A4*1B, CYP3A5*3C, UGT1A9*3 and UGT1A9*5 on the disposition of
sorafenib (Jain et al., 2011). Namely, none of these pharmacogenetic
variants was associated with sorafenib pharmacokinetics.
In several population pharmacokinetic studies, factors affecting su-
nitinib pharmacokinetics were reported. One population pharmacoki-
netic study reported that environmental covariates, including tumor
type, race, gender, body weight and elevated Eastern Cooperative On-
cology Group score, could only explain 2-17% of the observed changes
in AUC and/or Cmax (Houk et al., 2009). These ﬁndings indicate that
the individual covariates investigated minimally affected sunitinib
pharmacokinetics. Additionally, we suggested that signiﬁcantly higher
AUC andmore toxicity were observed in patients with efﬂux transport-
er ABCG2 421C/A or CC (Mizuno et al., 2012). From this result, we quan-
titatively evaluated the effect of potential predictive factors including
ABCG2 genotype on the pharmacokinetics of sunitinib by a populationpharmacokinetic approach (Mizuno et al., 2014). From the results, the
ABCG2 c.421C N A genotype was identiﬁed as a signiﬁcant covariate for
prediction of the oral clearance of sunitinib, suggesting that the assess-
ment of the ABCG2 421C N A genotype could be helpful for identifying
patients at high risk of increased exposure to sunitinib.
3.4. Drug-drug interaction
Data on the effects of the coadministration of TKIs with CYP3A4 in-
ducers or inhibitors have been veriﬁed in a clinical trial. Here, we
show some typical drug-drug interaction results (Table 2). Furthermore,
as the solubility of oral TKIs depends on the gastric pH, we also summa-
rize the inﬂuences of concomitant food intake and histamine H2-
receptor antagonist (H2 blockers)/proton pump inhibitors (PPIs) for
TKIs in Table 2.
CYP3A4 inducer and inhibitor have profound effects on the erlotinib
AUC (Johnson et al., 2005; Rakhit et al., 2008). These ﬁndings indicate
that CYP3A4 inducer and inhibitor should be used with extensive cau-
tion when combined with erlotinib. The solubility of erlotinib decreases
above pH5 (Duong and Leung, 2011), indicating that a decrease in acid
secretion could contribute to decreased solubility and absorption of er-
lotinib. As expected, concomitant use of erlotinib with omeprazole,
which inhibits gastric secretion for N24 h after dosing, resulted in a
marked decrease in the absorption and bioavailability of erlotinib.
Similary, concomitant use of erlotinib with ranitidine at 300 mg once
daily led to a signiﬁcant decrease in erlotinib exposure. On the other
hand, when erlotinib was given for 2 hwithin 10 h after the administra-
tion of ranitidine at 150 mg twice a day, staggered administration
caused a slight reduction of erlotinib exposure (Budha et al., 2012).
These interactions are explained by the fact that H2 blockers reduce
gastric secretion for b12 h after dosing. We also observed no signiﬁcant
pharmacokinetic interaction between erlotinib and gastric acid-
reducing agents, which may be due to their administration in a stag-
gered manner (Fukudo et al., 2013). Since food increases the bioavail-
ability, erlotinib should be taken at least 1 h before or 2 h after eating.
Furthermore, the pharmacokinetic proﬁle of erlotinib was found to be
signiﬁcantly changed by smoking (Hamilton et al., 2006). This is proba-
bly due to the induction of CYP1A1/2, which is known to be unregulated
in smokers.
Sorafenib concentration has been reported to be decreased by a
CYP3A4 inducer, rifampicin (Keating and Santoro, 2009). A previous
case report presented that plasma sorafenib concentration was in-
creased by inhibiting CYP3A4 in combination with the calcium-
channel blocker felodipine in a patient with HCC (Gomo et al., 2011).
In contrast, another study reported that the potent CYP3A4 inhibitor ke-
toconazole did not affect the plasma concentration of sorafenib (Lathia
et al., 2006). These studies show that the pharmacokinetic interaction
Table 2
Factors causing pharmacokinetic variation of erlotinib, sorafenib and sunitinib.
Drug Erlotinib Sorafenib Sunitinib
SNPs ABCG2 c.421C N A high concentrationa,b ABCG2 c.421C N A
high concentrationk, l,m
ABCB1 1236TT-2677TT-3435TT
high concentration c
CYP3A4 inhibitors/inducers* Rifampicin AUC 33%, Cmax 71%d Rifampicin AUC 63%h Rifampicin AUC 54%, Cmax 77%n
Ketoconazole AUC 186%, Cmax 202%e No effect of ketoconazolei Ketoconazole AUC 151%, Cmax149%n
grapefruit juice AUC 111%o
PPIs/H2 inhibitors* Omeprazole AUC 54%, Cmax 39% (Concomitant)f No effectf No effectf
Ranitidine AUC 67%, Cmax 56% (Concomitant)f
Ranitidine AUC 83%, Cmax 85% (Staggered; erlotinib,
2 h before and 10 h after ranitidine)f
Fasting/Fed* AUC Cmax 133% (food intake)g Recommended without foodj No inﬂuencep
*Compared with control PPIs: proton pump inhibitors H2 inhibitors: histamine H2-receptor antagonists AUC: area under the curve.
Data compiled from a, Fukudo et al., 2013; b, Fujita et al., 2014; c, Hamada et al., 2012; d, Johnson et al., 2005; e, Rakhit et al., 2008; f, Budha et al., 2012; g, Ling et al., 2008; h, Keating &
Santoro, 2009; i, Lathia et al., 2006; j, Kane et al., 2006; k, Mizuno et al., 2010; l, Mizuno et al., 2012; m,Mizuno et al., 2014; n, Adams and Leggas, 2007; o, van Erp et al., 2011; p, Bello et al.,
2006.
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remains controversial. In addition, no clinically meaningful change in
sorafenib with the concomitant administration of esomeprazole was
observed (Zhang et al., 2014). This result indicates that antacids, such
as H2 blockers and PPIs, can be used concomitantly with sorafenib.
With a high-fat meal, sorafenib bioavailability was reduced 29% com-
pared with its fasting bioavailability (Kane et al., 2006).
Concomitant dosingwith a CYP3A4 inducer or inhibitor caused a no-
table change in the AUC of sunitinib (Adams and Leggas, 2007). Because
sunitinib solubility does not decline until pH6.8, no effect on sunitinib
would be expected during treatment with H2 blockers or PPIs (van
Leeuwen et al., 2014). The effects of food on the AUC of sunitinib were
determined, and did not impact on the pharmacokinetics of sunitinib
and its metabolite SU12662 (Bello et al., 2006). However, we should
be aware that the AUC of sunitinib increased by 11% in combination
with grapefruit juice, which is an intestinal CYP3A4 inhibitor (van Erp
et al., 2011).3.5. Adherence
Asmentioned later, the application of TDMduring oral TKIs pharma-
cotherapies provides cancer patients with better quality of life com-
pared with conventional cytotoxic chemotherapies. However, drug
adherence is becoming a critical issue. Several studies have reported
that poor adherence could lead to a suboptimal response to imatinib
(Marin et al., 2010; Noens et al., 2009). Namely, patients with an adher-
ence rate N 90% had signiﬁcantly higher rates of major molecular re-
sponse (MMR) and complete molecular response (CMR) than patients
with ≤90% (MMR: 94.5% vs. 28.4%, p b 0.001; CMR: 43.8% vs. 0%, p =
0.002) during imatinib therapy (Marin et al., 2010). Therefore, for
other oral targeted agents, including erlotinib, sorafenib and sunitinib,
poor adherence may be the predominant reason for the inability to ob-
tain adequate responses. To overcome this problem, the TDM of TKIs
could be a convenient tool for conﬁrming patient adherence.Table 3
Current doses and interpatient pharmacokinetic variations of erlotinib, sorafenib and sunitinib
Drug Dosage per day (indications) Interpatien
coefﬁcient
AUC
Erlotinib 150 mg (NSCLC) 64%
Sorafenib 800 mg (RCC, HCC) 39-82%
Sunitinib 50 mg (RCC, GIST) 41%
NSCLC: non-small cell lung cancer RCC: renal cell carcinoma HCC: hepatocellular carcinoma GI4. Therapeutic drug monitoring
Retrospective studies have shown that targeted drug exposure,
reﬂected in the AUC, correlateswith treatment response (efﬁcacy/toxic-
ity) in various cancers (Gao et al., 2012; Josephs et al., 2013). However,
the levels of evidence for TDM are heterogeneous among these agents,
and TDM is still uncommon for the majority of them. Evidence for ima-
tinib currently exists, while other lines of evidence are emerging for
compounds including nilotinib, dasatinib, erlotinib, sunitinib, sorafenib
and mammalian target of rapamycin inhibitors (Yu et al., 2014). Appli-
cations for TDM during oral targeted therapies may best be reserved for
particular situations, including lack of a therapeutic response, severe or
unexpected toxicities, unanticipated drug-drug interactions and/or con-
cerns over adherence to treatment.
4.1. Current dose
Table 3 describes the current dose of approved indications. As indi-
cated below, the initial doses of these TKIs are ﬁxed. Erlotinib is initiated
at 150 mg once daily in patients with NSCLC. The erlotinib dose is re-
duced to 100 mg once daily due to severe toxicities. The sorafenib
dose is reduced to 400 mg once daily and then to 400 mg every other
day with severe toxicities. Sunitinib was administered at a 50 mg
starting dose orally once daily for 4 weeks of a 6-week cycle for the
ﬁrst cycle in patients with RCC. Dose reductions to 37.5 mg daily and
then to 25 mg daily were permitted on the basis of individual tolerabil-
ity. Because pharmacokinetic variability of these drugs is very high,
ﬁxed dose regimens are considered to result in variation of the efﬁcacy
and side effects. Interpatient variabilities of these drugs are presented in
Table 3.
4.2. Target concentration
Table 4 describes the therapeutic target concentrations for each
agent. A phase I study has suggested that erlotinib at a dosage of.
t variation(fold or
of variation)
References
C trough
51% Hidalgo and Bloedow, 2003
11-fold Akaza et al., 2007
54% Britten et al., 2008
ST: gastrointestinal stromal tumor.
Table 4
Target concentration of erlotinib, sorafenib, and sunitinib.
Target concentration References
Erotinib N500 ng/mL Hidalgo et al., 2001
Sorafenib Not clear
Sunitinib 50–100 ng/mL (total sunitinib) Mendel et al., 2003
Noda et al., in press
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concentration exceeding 500 μg/mL, a threshold required to achieve
EGFR inhibition and to prevent anti-proliferative activity (Hidalgo
et al., 2001). Clinical pharmacokinetic studies have supported an associ-
ation between the exposure to erlotinib and toxicity such as diarrhea
and skin rash (Hidalgo et al., 2001; Lu et al., 2006). We revealed that
the erlotinib trough concentration on day 8 was a signiﬁcant indepen-
dent predictor of grade ≥2 skin rash as well as diarrhea using multivar-
iate analysis (Fukudo et al., 2013). High exposure to erlotinib could force
the early discontinuation of treatment due to severe toxicities, resulting
in suboptimal efﬁcacy. In fact, it was reported that more patients were
forced to discontinue treatment due to intolerable toxicities during
the ﬁrst month in a high trough concentration group than in a low
trough concentration group in patients receiving erlotinib with NSCLC.
Recent studies have indicated that plasma cumulative exposure to
sorafenib is correlated with severe side effects (Boudou-Rouquette
et al., 2012a,b). However, large interpatient variability in sorafenib
pharmacokinetics has been observed (Minami et al., 2008). This may
be associated with slow dissolution in the gastrointestinal tract or satu-
ration of gastrointestinal absorption (Hornecker et al., 2012; Strumberg
et al., 2007). Sorafenib was shown to inhibit cell proliferation by 50% in
the human hepatocellular carcinoma cell lines PLC/PRF/5 and HepG2, at
concentrations of sorafenib of 2.09 μg/ml and 2.92 μg/ml, respectively
(Liu et al., 2006). Several clinical trials have also reported that the soraf-
enib concentration obtainedwith the currently accepted treatment reg-
imen (100–400 mg b.i.d.) ranged from 0.46 to 6.96 μg/ml (Duran et al.,
2007; Richly et al., 2006). A pharmacokinetic/pharmacodynamic study
reported the optimal cut-off concentrations of sorafenib to predict
grade ≥2 HFS (5.78 μg/mL) and hypertension (4.78 μg/mL) using receiv-
er operating characteristic curves in 52 patients (RCC, n= 16; HCC, n=
36) (Fukudo et al., 2014). In addition, HCC patients with sorafenib con-
centration of ≥4.78 μg/mL had longer overall survival than HCC patients
with b4.78 μg/mL (median 12.0 vs. 6.5 months, p = 0.0824). Further-
more, HCC patients showed signiﬁcantly higher dose-normalized con-
centrations than RCC patients (p = 0.0184). On the basis of these
ﬁndings, TDM of sorafenib could be useful to prevent severe toxicities,
resulting in improved clinical outcomes.
Preclinical studies have demonstrated that sunitinib is effective at
total plasma concentrations of 50–100 ng/ml (Mendel et al., 2003). A
clinical trial (Faivre et al., 2006) reported that the total sunitinib concen-
tration obtained with a dose of 50 mg daily ranged from 50 to
100 ng/ml. A phase II study also reported that sunitinib was effective
at plasma concentrations ≥50 ng/ml in Japanese patients with metasta-
tic RCC (Uemura et al., 2010). Therefore, the target range could be a total
sunitinib trough concentration of 50–100 ng/mL during sunitinib thera-
py. Sunitinib exposure appears to be associatedwith its therapeutic out-
come and/or toxicity. A meta-analysis showed that patients with
metastatic RCC, gastrointestinal stromal tumor (GIST) or solid tumors
and sunitinib AUC N800, 600 and 700 ng*hr/mL, respectively, had a lon-
ger time to progression and improved overall survival (Houk et al.,
2010). In GIST patients, the effect of gastrointestinal surgery on suniti-
nib pharmacokinetics is unknown. A recent study has shown that suni-
tinib and SU12662 exposure signiﬁcantly, although clinically not
relevantly, decreased in GIST patients whohad undergone both gastrec-
tomy and small bowel resection (de Wit et al., 2014). Therefore, the
TDM of sunitinib is useful for avoiding suboptimal efﬁcacy to sunitinib.
Recently, Lankheet et al. reported that a pharmacokinetic-guide dosingstrategy could be effective in advanced solid tumors (Lankheet et al.,
2014). In their study, patients were treated with sunitinib 37.5 mg
once daily. At days 15 and 29 of treatment, plasma trough levels of
total sunitinib were measured, and if the trough level was b50 ng/ml
and the patient did not show any grade 3 toxicity, the daily sunitinib
dosewas increased by 12.5mg. If the patient suffered from grade 3 tox-
icity, the sunitinib dose was lowered by 12.5 mg. As a result, total suni-
tinib concentrations were below the target in 15 patients (52%) at the
starting dose. Of these, ﬁve patients (17%) reached the target level
after dose escalation without additional toxicity. From these ﬁndings,
pharmacokinetic-guided dosing may lead to safer and more effective
treatment with sunitinib. Furthermore, we reported that RCC patients
with ≥100 ng/mL total sunitinib (n = 8), as compared with patients
with b100 ng/mL (n=13), had a higher incidence of Grade ≥3 toxicities
(75% vs. 23%) (Noda et al., in press). In this study, patients with
b100 ng/mL total sunitinib had signiﬁcantly longer time to treatment
failure (TTF), PFS than patients with ≥100 ng/mL (median TTF 590 vs.
71 days, P b 0.05;median PFS 748 vs. 238 days, P b 0.05). This study sug-
gests that therapeutic drug monitoring of sunitinib could be useful for
avoiding severe toxicities. Dose reduction may be needed, especially
when the total sunitinib concentration is ≥100 ng/mL, to avoid unneces-
sary early discontinuation of treatment.
4.3. Clinical application
TDM could be a powerful tool to identify drug-drug interactions
(van Leeuwen et al., 2014). Inducers of drug-metabolizing enzymes
have been shown to increase the systemic clearance of anticancer
agents, resulting in a lower effect (Mir et al., 2011; Relling et al.,
2000). For example, anticonvulsant drugs have been shown to in-
duce the metabolism of antileukemic agents and to decrease their
anticancer effects (Relling et al., 2000). In addition, a previous report
described a signiﬁcant metabolism-induced effect of fenoﬁbrate on
erlotinib, resulting in suboptimal exposure to erlotinib (Mir et al.,
2011). Against this background, drug-drug interaction in chemo-
therapy has become a serious problem. We reported a pharmacoki-
netic interaction between sorafenib and the CYP3A4 inducer
prednisolone in a patient with HCC (Noda et al., 2013). The concen-
tration of sorafenib was gradually increased following tapering of
prednisolone (Fig. 2A).
TDM could also be helpful in special populations. Most clinical trials
indicate renal function impairment as an exclusion criterion, so limited
data are available for patients on hemodialysis (HD). We investigated
the pharmacokinetics of erlotinib, sorafenib and sunitinib in dialyzed
patients (Noda et al., 2012; Shinsako et al., 2010; Togashi et al.,
2010a). As representative data, we analyzed a hemodialyzed patient
treated with 25 mg of sunitinib by a pharmacokinetic approach (Noda
et al., 2012). As shown in Fig. 2B, there were limited differences in the
AUC0–24 h of sunitinib and its major active metabolite SU12662 on day
17 (on HD) and day 18 (off HD) of the ﬁrst cycle. Collectively, we iden-
tiﬁed that erlotinib, sorafenib and sunitinib can become treatment op-
tions for hemodialyzed patients because the pharmacokinetics of
these agents is not affected by hemodialysis. This is because these
agents have similar characteristics, such as being metabolized by the
liver, and having high protein binding afﬁnity and high distribution
volume.
Brain metastases are seen in a number of patients with NSCLC. Pre-
vious studies have documented the effectiveness of geﬁtinib and erloti-
nib for the treatment of central nervous system (CNS) metastases of
NSCLC (Park et al., 2012). Erlotinib and geﬁtinib have weak CNS pene-
trance in NSCLC patients who developed leptomeningeal metastases
(Togashi et al., 2012). Several cases have been reported of CNSmetasta-
sis resistant to geﬁtinib being improved by erlotinib in patients with
NSCLC (Togashi et al., 2010b). Interestingly, the cerebrospinal ﬂuid
(CSF) concentration and penetration rate of erlotinib were signiﬁcantly
higher than those of geﬁtinib (Togashi et al., 2012). Additionally, ABCG2
A B
Fig. 2. A pharmacokinetic interaction between sorafenib and prednisolone. A patient with HCCwas treated with sorafenib at 400mg daily concurrently with oral prednisolone, a CYP3A4
inducer. The concentration of sorafenib gradually increased following the tapering of prednisolone. This observation indicates that prednisolone stimulates sorafenib metabolism. B The
effect of hemodialysis on sunitinib pharmacokinetics. Sunitinib concentration was not affected by hemodialysis. Arrows indicate the administration of sunitinib. Pink area shows the ther-
apeutic range of sunitinib (50–100 ng/ml) (Mendel et al., 2003). HD: hemodialysis.
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CSF concentrations of erlotinib and OSI-420 (Fukudo et al., 2013).
This may be because ABCG2 limits the brain distribution of erlotinib
and OSI-420 at the BBB in cancer patients. Therefore, TDM of the CSF
concentration of erlotinib based on ABCG2 variant could be effective
for the treatment of CNS metastases, especially leptomeningeal me-
tastases. However, optimal concentrations of erlotinib have not been
identiﬁed.
5. Molecular mechanisms of skin disorder
In clinical practice, TKIs are believed to be better tolerated than con-
ventional cytotoxic chemotherapies, but they frequently cause various
ADRs such as skin disorders, hypertension, proteinuria, interstitial
pneumonia and diarrhea. These ADRs often cause treatment discontin-
uation or dose reduction, which has been considered to be a critical
problem in treatment with TKIs. To overcome these problems, various
studies have been carried out to understand the mechanisms of ADRs.
Among ADRs, extensive efforts have beenmade to clarify the molecular
mechanisms of skin disorders, such as hand-foot skin reaction (HFSR).
This is because the mechanisms of this ADR are poorly understood,
and it is known to have amajor impact on the quality of life (QOL) of pa-
tients. In the case of sorafenib therapy, Grade ≥2 HFSR causes painful er-
ythema, edema and desquamation of the palms and soles, which can
lead to limitation in the activities of daily living and decreased QOL
(Kim et al., 2011). Current strategies for skin disorders involve symp-
tomatic therapy based on clinical experience, but an understanding of
the molecular mechanisms should lead to the development of novel
strategies to control the pathogenic mechanisms of the toxic effects on
the skin.
5.1. Erlotinib
It has been demonstrated that targeted therapies do not work only
through action on the originally designed molecular target. This effect
was called as off-target effect. A few reports have described the unantic-
ipated effects caused by the inhibition of off-target kinases. For example,
although imatinib was designed to speciﬁcally target BCR-Abl, it has
been suggested that imatinib has direct effects on bone-resorbing oste-
oclasts and bone-forming osteoblasts through the off-target inhibition
of c-fms, c-kit, carbonic anhydrase II, and platelet-derived growth factor
receptor (Vandyke et al., 2010).
The pathophysiology of EGFR inhibitor-associated skin disorder is
not completely understood. Inhibition of EGFR-mediated signalpathways induces multiple effects in basal keratinocytes, including
growth arrest, decreased migration, increased cell attachment, ab-
normal differentiation and stimulation of inﬂammatory systems, all
of which result in distinctive cutaneous manifestations (Mascia
et al., 2003; Woodworth et al., 2005). However, it has been unclear
whether off-target inhibition by erlotinib plays a role in the side ef-
fects of erlotinib. Interestingly, a recent study demonstrated that
the off-target serine/threonine kinase 10 (STK10) is inhibited much
more potently by erlotinib than by geﬁtinib under clinical conditions
(Yamamoto et al., 2011). Furthermore, in vitro experiments showed
that erlotinib enhanced lymphocytic responses such as cell migra-
tion and interleukin-2 secretion via SKT10 inhibition. Additionally,
in vivo observations were consistent with these in vitro results.
These ﬁndings suggested that erlotinib exacerbates skin disorders
through off-target kinase inhibition, and may partly explain the dif-
ference of the severity of skin disorders between erlotinib and
geﬁtinib.5.2. Sorafenib and sunitinib
Sorafenib and sunitinib are also associatedwith various dermatolog-
ical toxicities. The administration of sorafenib and sunitinib is common-
ly associated with HFSR, but the exact mechanisms of HFSR with these
drugs are not fully understood. Several hypotheses have been reported:
(I) an increased drug concentration in the capillaries at the papillary
dermis, (II) interference by vascular endothelial growth factor-PDGFR
inhibition associated with pericyte-mediated endothelial survival
mechanisms, leading to damage of the capillary endothelium in hands
and feet, (III) impaired vascular repair leading to keratinocyte apoptosis
and inﬂammation and (IV) a direct effect of the drug on eccrine sweat
glands (Chan et al., 2014). Sorafenib inhibits signal transducer and acti-
vator of transcription 3 (STAT3) downstreamof the EGFR (Siegelin et al.,
2010; Yang et al., 2010). STAT3 has been reported to be the main factor
in the molecular control of cutaneous homeostasis (Levy and Darnell,
2002; Quadros et al., 2004). Recently, a basic study demonstrated that
the toxicity of sorafenib and sunitinib to keratinocytes was induced by
decreased apoptosis suppressor via the inhibition of STAT3 activity
(Yamamoto et al., 2014). Interestingly, sorafenib-induced STAT3 inhibi-
tion was mediated by regulation via the mitogen-activated protein ki-
nase pathway in HaCaT cells, while sunitinib-induced inhibition was
not. From these ﬁndings, STAT3 activation mediating apoptosis sup-
pressors may be a key factor in sorafenib and sunitinib-induced
keratinocyte cytotoxicity.
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In this commentary, we describe recent pharmacological ﬁndings
about the oral TKIs, focusing on erlotinib, sorafenib and sunitinib, re-
garding their drug-metabolizing enzymes and transporters, factors
causing pharmacokinetic variation, TDM and the molecular mecha-
nisms of skin disorders. The pharmacokinetic parameters of these TKIs
have been demonstrated to be associated with drug efﬁcacy and toxic-
ities. Additionally, these pharmacokinetic variations may be caused by
genetic variants of ABCG2, especially erlotinib and sunitinib. Thus, phar-
macokinetic and pharmacogenomic assessment of TKIs could be useful
for the evaluation and prediction of their outcomes, severe side effects
and drug-drug interactions. Furthermore, an understanding of the
mechanisms of skin toxicity induced by TKIs, which lead to dose reduc-
tion or discontinuation,will help us to establish appropriatemedication.
In the near future, the information obtained could play a prominent role
in personalized medicine in TKI treatment.Conﬂict of Interest Statement
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